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Abstract
Background Extracellular vesicles (EVs) are membrane-enclosed structures containing lipids, proteins, and RNAs 
that play a crucial role in cell-to-cell communication. However, the precise mechanism through which circulating EVs 
disrupt hepatic glucose homeostasis in gestational diabetes mellitus (GDM) remains unclear.

Results Circulating EVs isolated from human plasma were co-cultured with mammalian liver cells to investigate 
the potential induction of hepatic insulin resistance by GDM-EVs using glucose output assays, Seahorse assays, 
metabolomics, fluxomics, qRT-PCR, bioinformatics analyses, and luciferase assays. Our findings demonstrated that 
hepatocytes exposed to GDM-EVs exhibited increased gluconeogenesis, attenuated energy metabolism, and 
upregulated oxidative stress. Particularly noteworthy was the discovery of miR-1299 as the predominant miRNA in 
GDM-EVs, which directly targeting the 3′-untranslated regions (UTR) of STAT3. Our experiments involving loss- and 
gain‐of‐function revealed that miR-1299 inhibits the insulin signaling pathway by regulating the STAT3/FAM3A 
axis, resulting in increased insulin resistance through the modulation of mitochondrial function and oxidative 
stress in hepatocytes. Moreover, experiments conducted in vivo on mice inoculated with GDM-EVs confirmed the 
development of glucose intolerance, insulin resistance, and downregulation of STAT3 and FAM3A.

Conclusions These results provide insights into the role of miR-1299 derived from circulating GDM-EVs in 
the progression of insulin resistance in hepatic cells via the STAT3/FAM3A axis and downstream metabolic 
reprogramming.
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Introduction
Gestational diabetes mellitus (GDM) is a prevalent com-
plication during pregnancy, characterized by impaired 
glucose intolerance typically identified in the second 
or third trimester of pregnancy, without overt diabetes 
manifestations [1]. The prevalence of GDM has risen over 
the last two decades, ranging from 1% to over 30%, pos-
ing significant risks for both maternal and fetal health [2]. 
Although the precise pathophysiology of GDM remains 
poorly understood, it shares similarities with type 2 dia-
betes, particularly in terms of systemic insulin resistance. 
Insulin resistance is characterized by diminished sensi-
tivity to insulin in peripheral organs including the liver, 
skeletal muscle, and adipose tissue, leading to dysregula-
tion of glucose and energy homeostasis within the body 
[3]. Thus, the pronounced peripheral insulin resistance, 
brought about through endocrine effects, may play a cru-
cial role in the development of GDM.

Our previous studies have shown that mice fed on a 
high-fat diet during pregnancy exhibit impairment of glu-
cose metabolism, peripheral insulin resistance, and sup-
pressed insulin signaling, mimicking the characteristics 
of GDM [4, 5]. In addition, cell-to-cell communication 
potentially contributes to the pathophysiology of insu-
lin resistance [6]. During pregnancy, diabetogenic auta-
coids, such as placental hormones, TNF-α and leptin, are 
predominantly released by the placenta and are thought 
to play a role in GDM pathogenesis [7]. Nonetheless, 
the alterations in placental hormones do not establish 
a direct correlation with maternal insulin resistance. 
Therefore, alternative types of cell-to-cell communica-
tion or inter-organ crosstalk may be key to understanding 
how insulin resistance develops during GDM pregnancy. 
Recent studies have highlighted the role of extracellular 
vesicles (EVs) as a novel pathway for intercellular com-
munication and as significant modulators of physiologi-
cal and pathological processes [8, 9]. EVs are nanoscale 
membrane vesicles enclosed by a lipid bilayer that are 
secreted by almost all cell types and released into the 
extracellular fluid compartment [10]. These nano-vesi-
cles, which contain proteins, lipids, mRNA, and miRNA, 
can be selectively targeted to specific cells, transported 
to recipient cells via the bloodstream, and effect changes 
in recipient cell functions [11]. There is evidence that the 
concentration of circulating EVs was more than 50-fold 
greater in pregnant women than in non- pregnant 
women and increased gradually throughout pregnancy 
[12]. Remarkably, patients with diabetes or GDM have 
higher concentrations of circulating EVs than their nor-
moglycemic counterparts [13, 14]. Hyperglycemia and 
insulin resistance have also been reported to stimulate 

the release of EVs and alter miRNA content which affects 
insulin signaling pathways during the development of 
diabetes [15, 16]. Consequently, miRNA carried by EVs 
may serve as promising metabolic regulators in the con-
text of GDM-induced insulin resistance.

miRNAs are small non-coding RNA molecules approx-
imately 21 nucleotides in length, which play a crucial 
role in the regulation of mRNA translation in cells [17]. 
An miRNA seed sequence consists of six to eight nucle-
otides, corresponding to complementary sequences in 
the 3ʹ-untranslated region (3ʹUTR) of its target mRNA 
[18]. Upon miRNA binding to the mRNA, RNA-induced 
silencing complexes (RISC) are recruited, leading to tar-
get mRNA translational arrest or mRNA degradation 
[19]. As a key component of EV content, miRNAs are 
effectively protected during transport to the specific tar-
get cells [20]. Several studies have identified maternal cir-
culating EVs miRNA signatures in GDM, suggesting their 
potential for mediating insulin resistance [21–23]. How-
ever, there is still a great deal of uncertainty as to how 
EVs and their miRNAs regulate peripheral metabolic 
signaling in GDM. Due to the liver’s significant meta-
bolic role, the knockout of insulin receptors in the liver 
results in extremely high insulin resistance and severe 
glucose intolerance [24]. Thomou et al. have shown that 
the majority of circulating EVs-associated miRNAs in 
mice have the ability to alter gene expression in the liver 
[25]. These findings led us to postulate that hepatic insu-
lin resistance, modulated by circulating EVs, may play 
an important role in mediating the physiological distur-
bances associated with GDM.

The present study demonstrates that circulating EVs 
derived from GDM patients can be internalized by liver 
cells, both in vitro and in vivo, leading to peripheral 
insulin resistance and glucose intolerance. This study 
emphasizes the role of circulating EVs as a bloodborne 
regulator of hepatic glucose homeostasis and insulin sen-
sitivity in GDM, primarily through their miRNA com-
ponents. Specifically, we report that miR-1299 is one of 
the differentially expressed miRNAs in GDM-EVs, and its 
overexpression results in insulin resistance and glucose 
intolerance, likely mediated by the miR-1299/STAT3/
FAM3A axis.

Materials and methods
Subjects and samples
Pregnant women between 24 and 28 weeks’ gesta-
tion were recruited from The First Affiliated Hospital 
of Chongqing Medical University, China. Women were 
invited to participate in the study if they were between 
20 and 40 years of age and had a singleton pregnancy. 
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The exclusion criteria for the study were individuals with 
a history of diabetes or GDM. A 75 g oral glucose toler-
ance test (OGTT) was conducted during recruitment to 
determine case or control status. The diagnosis of GDM 
was according to the International Association of Diabe-
tes and Pregnancy Study Groups (IADPSG) guidelines 
[26]. A total of 35 women participated in the study as 
cases diagnosed with GDM, and 35 women participated 
as healthy controls. Both groups were matched for age 
and body mass index (BMI). Fasting blood samples were 
collected into EDTA blood collection tubes, and plasma 
was isolated. Ethical approval was granted by the Eth-
ics committee of Chongqing Medical University (No. 
2020 − 567), and written informed consent was obtained 
from all participants.

Isolation and characterization of EVs
EVs were isolated from plasma (1  ml) using differential 
ultracentrifugation as previously described [27] with 
modifications. In brief, plasma was diluted with an equal 
volume of Phosphate Buffered Saline (PBS) and centri-
fuged at 2,000×g for 30  min, and 12,000 ×g for 45  min. 
The supernatant fluid was transferred to an ultracen-
trifuge tube and centrifuged at 110,000×g for 120  min 
(CP70ME, Hitachi, Japan). The pellet was resuspended in 
PBS and passed through a 0.22 μm sterile filter (Millipore, 
USA) and then centrifuged at 110,000×g for 70 min. The 
resultant pellet was resuspended in 100 μl PBS and stored 
− 80 °C. To monitor EVs trafficking, EVs were labeled with 
PKH67 dye (PKH67 Green Fluorescent Cell Linker Mini 
Kit, Sigma) according to the manufacturer’s instructions. 
After PKH67 staining, the EVs were washed in PBS and 
collected by ultracentrifugation (110,000×g for 70  min). 
Finally, PKH67-labeled EVs were resuspended in PBS. 
The characterization of EVs was confirmed by measuring 
the expression of EV-associated protein markers, CD63, 
CD81, and TSG101 by western blot analysis. Nanopar-
ticle Tracking Analysis (NTA) was applied to analyze the 
size distribution and particle concentration of EVs using 
a Zeta View (Particle Metrix, Germany). For transmis-
sion electron microscopy (TEM) analysis, a 10 μl aliquot 
of EVs was added to a formvar/carbon-coated copper 
grid for 5 min. The sample was negatively stained with 2% 
uranyl acetate for 1 min and placed at 37 °C for 20 min. 
Grids were imaged using Tecnai G2 Spirit BioTwin (FEI, 
USA) transmission electron microscope.

Cell culture and treatment
The normal human hepatic cell line (THLE-2, CL-0833) 
was kindly provided by Wuhan Pricella Biotechnology 
Co.,Ltd. THLE-2 cells were cultured in THLE-2 Specific 
Culture Medium (CM-0833) at 37  °C with 5% CO2. Pri-
mary mouse hepatocytes were isolated and cultured fol-
lowing perfusion and collagenase digestion of the liver, as 

described previously [28]. Two micrograms of EVs based 
on protein measurement were added to 1 × 105 recipient 
cells (GDM-EVs group and Normal-EVs group) for 24 h. 
The equivalent amount of PBS was utilized as a con-
trol vehicle (Vehicle group). To validate that GDM-EVs 
induced insulin resistance by inhibiting STAT3, we co-
incubated EVs-treated THLE-2 cells with 1 μM STAT3 
activator Colivelin (MCE, USA). To study the regulation 
of insulin in vitro, the cells were subjected to serum star-
vation and subsequently treated with insulin (100 nM).

Internalization of EVs by THLE-2 cells
THLE-2 cells were seeded into 12-well microtiter plates 
with cell climbing slices at 1 × 105 cells/well and incubated 
with PKH67-stained EVs for 24 h at 37 °C. The cell climb-
ing slices were washed three times with PBS, and then 
fixed with 4% formaldehyde for 10  min. After washing 
with PBS three times, the cells were stained with DAPI 
(Beyotime, China). The samples were analyzed using a 
Leica fluorescence microscope (Leica, Germany).

Glucose output assay
Following the intervention of EVs for the indicated 
times, glucose production in hepatocytes was quantified 
according to the established methods [29, 30]. THLE-2 
cells were incubated in a glucose production buffer 
(Krebs–Henseleit–HEPES buffer supplemented with 
sodium lactate 20 mM and sodium pyruvate 2 mM). Pri-
mary hepatocytes were incubated in a glucose produc-
tion buffer comprising glucose-free DMEM, devoid of 
phenol red, and supplemented with 20 mM lactate and 2 
mM pyruvate. Subsequent to a 6 h incubation under both 
insulin-stimulated (100 nM) and insulin-free conditions, 
the glucose released to the media was measured using a 
glucose detection assay kit (E1010, Applygen Company).

Western blot analysis
Cells or tissues were homogenized in RIPA buffer (Bey-
otime, China) supplemented with protease and phos-
phatase inhibitors. The concentration of the extracted 
protein was determined using a BCA assay kit (Beyotime, 
China). Equal amounts of cell lysate proteins from each 
biological replicate were transferred to a PVDF mem-
brane (Millipore, USA) after SDS-PAGE. The membranes 
were blocked with TBST containing 5% skimmed milk 
powder for 1  h and then incubated with primary anti-
bodies (described in Supplementary Table S1) at 4  °C 
overnight. After incubating with appropriate horserad-
ish peroxidase-conjugated secondary antibodies for 1  h, 
band density was detected using a Fusion FX7 image ana-
lyzer (Vilber, France).
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Energy metabolism assay
The energy metabolism of cells was measured using the 
Seahorse XFp Extracellular Flux Analyzer (Agilent, USA) 
according to the manufacturer’s user guide. The Seahorse 
XFp Cell Mito Stress Test Kit (Agilent, USA) was used 
to evaluate the oxygen consumption rate (OCR), which 
reflected the mitochondrial function. Mitochondrial 
parameters (basal respiration, maximal respiration, ATP 
production, and spare respiratory capacity) were evalu-
ated using OCR indexes.

Metabolomics analysis
Intracellular metabolite extraction, chemical derivatiza-
tion, isotope tracer analysis, GC-MS analysis, metabo-
lite identification, metabolite quantification, and data 
normalization were performed as previously described 
[31]. For the isotope tracer experiment, the effect of 
13C-labeled tracer (U-13C6 glucose) on flux estimation 
precision was undertaken [32]. In brief, 5  ml of liquid 
nitrogen was added to each plate of THLE-2 cells before 
intracellular metabolite extraction. Then 1.5  ml cold 
methanol/chloroform (9:1), containing the standard 
internal 2,3,3,3-d4-alanine, was used to extract metabo-
lites from THLE-2 cells. The supernatant was obtained 
by centrifuged at 15,000 g for 15 min at 4  °C and dried 
in a SpeedVac (Labconco Corp., Missouri, USA) for 5 h 
at room temperature. The samples were derivatized using 
the methyl chloroformate (MCF) method and analyzed 
with an Agilent GC7890B coupled to an MSD5977A mass 
selective detector (EI) set at 70 eV. A ZB-1701 GC capil-
lary column (30 m × 250 μm id × 0.15 μm with 5 m guard 
column, Phenomenex) was used for metabolite analysis. 
GC-MS data were analyzed by MassOmics XCMS R to 
extrapolate the relative abundance of the metabolites 
through the peak height of the most enriched ion mass 
(https://zenodo.org/record/4961895). The corresponding 
concentration of the identified metabolites were normal-
ized to an internal standard (D4-alanine), total ion con-
centration of the cellular metabolome.

Cellular reactive oxygen species (ROS) detection
ROS in the THLE-2 cells was measured using a Reac-
tive Oxygen Species Assay Kit (Beyotime, China). After 
EVs intervention for 24 h at 37 °C, the cell medium was 
removed, and the cells were incubated with DCFH-DA 
(10 μM) for 20 min. Subsequently, fluorescence was mea-
sured using a microplate reader at 485  nm (excitation) 
and 528 nm (emission).

miRNA-seq dataset of EVs and bioinformatics analysis
The miRNA expression profiles for circulating GDM EVs 
were obtained from the Gene Expression Omnibus data-
base (GEO; http://www.ncbi.nlm.nih.gov/geo). We chose 
miRNA-seq dataset of the circulating GDM EVs in the 

second trimester from the GSE114860 dataset obtained 
by high throughput sequencing. The differential expres-
sion of miRNAs was analyzed using the DESeq2 package 
(version 1.38.3) with 1.5-fold changes and p-values under 
0.05 as the threshold. To visualize the systems-level inter-
pretation of miRNA functions and gene regulation, an 
miRNA-centric network visual analytics platform (miR-
Net 2.0; https://www.mirnet.ca) was used. TargeScan 
(https://www.targetscan.org), miRDB (http://mirdb.org), 
RNA22 (https://cm.jefferson.edu/data-t), and TarBase 
(http://carolina.imis.athena-innovation.gr/diana_tools/
web/index.php?r=tarbasev8/index) were used to predict 
potential targets of miRNAs. Only target genes predicted 
by all the programs were accepted and visualized with a 
Venn diagram.

RNA extraction and quantitative reverse transcription-
polymerase chain reaction (qRT-PCR)
Based on previous findings, RNaseA treatment (37  °C 
for 10  min) was used to select only RNA encapsulated 
within EVs [20]. RNA was extracted using the TRIzol LS 
Reagent (Invitrogen, USA). Reverse transcription was 
performed on 300 ng of total RNA using the miRNA first 
strand cDNA synthesis Kit (Accurate Biology, China). 
U6 was used as the internal reference gene. Total RNA 
was extracted from cells or tissues using AG RNAex Pro 
Reagent (Accurate Biology, China) following the manu-
facturer’s instructions. Reverse transcription for mRNA 
detection was performed with the Evo M-MLV RT 
Kit with gDNA Clean for qPCR kit (Accurate Biology, 
China), using β-actin as an internal reference control. 
qRT-PCR was conducted using the SYBR Green Pre-
mix Pro Taq HS qPCR Kit (Accurate Biology, China) on 
a CFX96 Real-Time System (Bio-Rad, USA). The primer 
sequences employed are detailed in Supplementary Table 
S2. The relative RNA expression levels were calculated 
using the 2−ΔΔCt method.

miRNA transfection
miRNA mimics (for gain-of-function experiments), 
inhibitors, and negative controls (Tsingke Biotechnol-
ogy, China) were transfected into THLE-2 cells using a 
Lipofectamine 3000 transfection reagent (Thermo Fisher, 
USA). The miR-1299 mimic sequences were: 5’ U U C U G G 
A A U U C U G U G U G A G G G A 3’ (forward) and 5’  C C U C A 
C A C A G A A U U C C A G A A U U 3’ (reverse). The miR-1299 
inhibitor sequences were: 5’  C C U C A C A C A G A A U U C C A 
G A A U U 3’. Transfection used miRNA mimics at a con-
centration of 100 nM, and miRNA inhibitors at a concen-
tration of 150 nM. After 48 h of transfection, RNA and 
protein was extracted from cells using the AG RNAex 
Pro Reagent (Accurate Biology, China) and RIPA buffer 
(Beyotime, China), respectively.

https://zenodo.org/record/4961895
http://www.ncbi.nlm.nih.gov/geo
https://www.mirnet.ca
https://www.targetscan.org
http://mirdb.org
https://cm.jefferson.edu/data-t
http://carolina.imis.athena-innovation.gr/diana_tools/web/index.php?r=tarbasev8%2Findex
http://carolina.imis.athena-innovation.gr/diana_tools/web/index.php?r=tarbasev8%2Findex
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Luciferase reporter assay
The binding site of miR-1299 on STAT3 was predicted 
by TargetScan. The wild type 3’UTR of STAT3 (STAT3 
WT) and the corresponding mutant 3’UTR (STAT3 
MUT) were amplified by PCR. Then, the STAT3 WT or 
STAT3 MUT was cloned into the pmirGLO Dual-Lucif-
erase miRNA Target Expression Vector using Nhel and 
Xbal restriction endonuclease sites. THLE-2 cells were 
grown in a 96-well microtiter plate until they reached 
60% confluence. The luciferase reporter plasmids were 
co-transfected with miR-1299 mimic or negative controls 
into cells using Lipofectamine 3000 transfection reagent 
(Thermo Fisher, USA). The relative luciferase activity was 
measured after 48 h transfection by using the Dual Lucif-
erase Reporter Gene Assay Kit (Yeasen, China).

Mouse experiments
C57BL/6J (strain C57BL/6J Gpt, Strain NO. N000013) 
mice were purchased from Gempharmatech (Nanjing, 
China). The generation of GDM mice has been previously 
described [4]. The GDM mice were fed a high-fat diet 
(HFD; Research Diets D12451, consisting of 20% protein, 
35% carbohydrate, and 45% fat), while control mice were 
fed a low-fat diet (LFD; Research Diets AIN-93G, consist-
ing of 20.3% protein, 63.9% carbohydrate, and 15.8% fat). 
At day 0.5 of gestation (GD0.5), GD11.5, and GD16.5, the 
mice underwent an oral glucose tolerance test (OGTT) 
and insulin tolerance test (ITT). At GD18.5, the whole 
blood of mice was obtained by extracting the eyeball 
blood under anaesthesia. The circulating EVs of the mice 
were isolated as described above and stored in a -80  °C 
until use. For the EVs experiment, mice were randomly 
divided into three groups: vehicle control (PBS), GDM-
EVs treatment (circulating EVs derived from HFD mice) 
and Normal-EVs treatment (circulating EVs derived 
from LFD mice, ). All mice were fed a normal chow diet 
(SPF Rat & Mouse Breeder Diet, BEIJING KEAO XIELI 
FEED CO., LTD., consisting of 24% protein, 63% carbo-
hydrate, and 13% fat) and were pregnant as recipients. At 
GD6.5, circulating EVs (30 μg every 2 days for a total of 
six applications) or vehicles were adoptively transferred 
into recipient mice via tail vein injection. OGTT or ITT 
were conducted at GD0.5, GD11.5, and GD16.5. On 
GD18.5, the mice underwent a six-hour fasting period 
before being euthanized for blood and liver sample col-
lection for subsequent analysis. Hepatic insulin sensi-
tivity was assessed by quantifying insulin-induced AKT 
phosphorylation. After the fasting period, mice received 
an intraperitoneal injection of insulin (0.5 units/kg body 
weight), and liver samples were harvested 30  min post-
injection for Western blot analysis to detect phosphory-
lated AKT. All animal procedures were approved by the 
Ethical Committee of Chongqing Medical University 
(No.2020 − 568).

OGTT and ITT
For oral glucose tolerance tests, mice received glucose 
(2  g/kg body weight) via gavage after six hours of fast-
ing. Tail vein blood glucose concentrations were deter-
mined at t = 0, 30, 60, 90, and 120 min using a glucometer 
(ACCU-CHEK Performa, Roche, Switzerland). For insu-
lin tolerance tests, mice were fasted for six hours and 
then insulin (0.5 units/kg body weight) was administered 
via an intraperitoneal injection. Blood glucose concentra-
tion was then measured at t = 0, 15, 30, 60, and 120 min.

Measurement of serum insulin
Insulin serum levels were measured using a Mouse 
Insulin (INS) ELISA Kit (JL 11459, Shanghai Jianglai 
Biotechnology, China) according to the manufacturer’s 
protocols. The insulin resistance score was determined 
using Homeostatic Model Assessment for Insulin Resis-
tance (HOMA-IR), which was calculated as follows:

 HOMA− IR =
fasting glucose (mmol/L)× fasting insulin (mIU/L)

22.5

Immunofluorescence
Immunofluorescence staining was performed using 
15 μm frozen sections of mice liver. Frozen sections were 
fixed with 4% paraformaldehyde for 15 min at room tem-
perature. Samples were permeabilized with 0.3% Triton-
X100 (Sigma) for 4  min, 0.5% Triton-X100 (Sigma) for 
10 min, and blocked for 1 h with 5% BSA. Incubation of 
primary antibodies was performed overnight at 4 °C fol-
lowed by incubation with fluorochrome-conjugated sec-
ondary antibody (Supplementary Table S1). Nuclei were 
stained with DAPI (Beyotime, China) and imaged with a 
fluorescence microscope (Leica, Germany).

Statistical analysis
The maternal clinical characteristics were analyzed 
using R (version 4.2.2). Student’s t-tests were conducted 
for normally distributed data, while Mann-Whitney 
tests were used for non-normally distributed data. The 
results obtained from experiments were presented as 
mean ± standard error of mean (SEM). Statistical analysis 
was performed using GraphPad Prism 8 (GraphPad Soft-
ware, USA) and student’s t-tests were used for compari-
sons between two groups. The metabolome data analysis 
was undertaken with MetaboAnalyst 5.0 (https://www.
metaboanalyst.ca). To calculate the significance of the 
differences in metabolites between the two groups, the 
student’s t-test and the false discovery rate were applied. 
The Partial least square-discriminant analysis (PLS-DA) 
was performed to compare cell metabolome profiles 
between GDM-EVs and Normal-EVs groups. Hierarchi-
cal clustering was performed with the hclust function in 

https://www.metaboanalyst.ca
https://www.metaboanalyst.ca
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package stat. Based on the Kyoto Encyclopedia of Genes 
and Genomes (KEGG) database and the Small Molecule 
Pathway Database (SMPD), the pathway enrichment 
analysis method and Pathway Activity Profiling (PAPi) 
analysis were used to identify the most relevant path-
ways. Differences were regarded as statistically significant 
if *p < 0.05; **p < 0.01; ***p < 0.001.

Results
EVs characterization and internalization of EVs into hepatic 
cells
The demographic data of all the participants are sum-
marized in Supplementary Table S3. No statistically sig-
nificant differences could be found in maternal age and 
BMI between the GDM and normal groups. However, 
the GDM group tended to deliver earlier than women 
in the normal group. Additionally, the fasting, one-hour, 
and two-hour blood glucose levels following an OGTT 
were statistically significantly higher in women with 
GDM than in normal pregnant women. To elucidate the 
physiological significance of circulating EVs in GDM, we 
first purified EVs from the plasma of pregnant women by 
ultracentrifugation and visualized them by transmission 
electron microscopy after negative staining. Most of the 
particles appeared intact, approximately 100 nm in diam-
eter, and had a characteristic morphology with a central 
depression (Fig. 1A). To further characterize the proper-
ties of EVs, particles with a diameter of 101.8 ± 28.2  nm 
(mean ± SD) were identified using Nanoparticle Tracking 
Analysis (Fig. 1B). Furthermore, the identification of EVs 
markers, including CD63, CD81, and TSG101, coupled 
with the absence of cellular marker Calnexin, substanti-
ated that the isolated particles were predominantly EVs 
(Fig. 1C). To investigate whether the EVs could be inter-
nalized by liver cells, we incubated THLE-2 cells with 
PKH67-stained EVs isolated from the plasma of pregnant 
women. Within 24  h of co-incubation, immunofluores-
cence indicated the internalization of PKH67-stained EVs 
into the THLE-2 cells (Fig. 1D). In a subsequent experi-
ment, PKH67-stained EVs isolated from the plasma of 
pregnant mice were adoptively transferred into recipi-
ent mice via tail vein injection. The presence of the green 
fluorescent PKH67 dye in the liver of recipient mice indi-
cated in vivo uptake of EVs (Fig. 1E).

The effects of EVs on hepatic glucose metabolism and 
energy metabolism
To evaluate the potential bioactivity of EVs on the glucose 
metabolism of liver cells, we conducted experiments on 
glucogenesis and mitochondrial respiration in THLE-2 
cells and primary mouse hepatocytes incubated with 
plasma EVs from GDM and normal pregnant women. We 
found that GDM-EVs significantly augmented glucose 
production and upregulated the gene expression of key 

gluconeogenic enzymes, including glucose-6-phospha-
tase catalytic subunit (G6PC) and phosphoenolpyruvate 
carboxykinase 1 (PCK1), in hepatocytes (Fig.  2A-B and 
D-E). Additionally, we observed decreased insulin-asso-
ciated phosphorylation of AKT after GDM-EVs treat-
ment (Fig.  2C and F), suggesting that EVs from GDM 
plasma can impair glucose metabolism. In order to deter-
mine the effects of EVs on hepatic energy metabolism, we 
measured mitochondrial respiration (OCR) in THLE-2 
cells treated with EVs from GDM and normal pregnant 
women. Administration of GDM-EVs did not affect 
basal respiration compared to Normal-EVs (p > 0.05), 
while GDM-EVs induced a significant reduction in maxi-
mal respiration, ATP production, and spare respiratory 
capacity (Fig. 2G).

To delve deeper into the impact of GDM-EVs on insulin 
sensitivity, we conducted in vivo experiments by induc-
ing GDM mice with a HFD, or injecting mice on a nor-
mal chow diet with GDM-EVs (derived from HFD mice), 
Normal-EVs (derived from LFD mice), or PBS (as vehicle 
control). According to the OGTT, ITT and mice char-
acteristics results, the HFD induced insulin resistance, 
and the mice developed GDM (Supplementary Figure 
S1A-F, Table S4). Normal chow diet-fed pregnant mice 
were used as recipients and intravenously injected with 
GDM-EVs, Normal-EVs, and PBS. Although all recipi-
ent mice exhibited no difference in body weight after EVs 
injection, GDM-EVs injection had a tendency to increase 
body weights at GD 18.5 (p = 0.07) (Supplementary Table 
S5). GDM-EVs treatment led to impaired glucose toler-
ance at GD 11.5 and GD 16.5, compared to either mice 
treated with Normal-EVs or to control animals treated 
with vehicle (Fig.  2H, Supplementary Figure S2A-B). 
In addition, treatment with GDM-EVs led to increased 
insulin resistance, as measured by ITT and HOMA-IR 
(Fig. 2I-J, and Supplementary Figure S2C-F). Consistent 
with these results, insulin signaling was reduced in the 
liver, as evidenced by decreased insulin-stimulated phos-
phorylation of AKT (Supplementary Figure S2G). Simi-
larly, GDM-EVs also increased the mRNA levels of G6pc 
and Pck1 in the livers (Fig. 2K). Together, these findings 
suggest that EVs from GDM plasma impair insulin sensi-
tivity in insulin-targeted hepatic tissues.

GDM-EVs induced distinct metabolome alteration in liver 
cells
In an effort to elucidate global metabolic alterations, we 
conducted untargeted metabolomics to analyze the cell 
metabolic profiles in the GDM-EVs and Normal-EVs 
groups. Using our in-house mass spectrometry library 
and the NIST commercial database, we identified a total 
of 125 metabolites in cells after incubation with GDM-
EVs and Normal-EVs. Subsequently, we performed a 
partial least square-discriminant analysis (PLS-DA) and 
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Fig. 1 EVs isolated from the plasma of pregnant women and internalization of EVs by liver cells. (A) Representative transmission electron microscopy 
images of isolated EVs. EVs displayed a cup-shaped morphology. (B) The distribution of EVs size by NTA analysis. (C) The expressions of EVs markers (CD81, 
CD63, and TSG101), and cellular markers (Calnexin) were assessed by western blotting. Appearance of PKH67-stained EVs in THLE-2 cells (D), and liver of 
recipient mice (E) after 24 h administration of EVs. DAPI stained the nucleus blue, and PKH67 stained EVs green (bar, 50 μm)
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Fig. 2 (See legend on next page.)
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found a clear separation between the two groups of cells 
(Fig.  3A). Additionally, through univariate analysis, we 
discovered fifteen metabolites that exhibited significantly 
different abundancies (p < 0.05) between the GDM-EVs 
and Normal-EVs groups (Fig.  3B, Supplementary Table 
S6). These metabolites were predominantly amino acids 
and fatty acids. Notably, the most important metabolic 
feature in the GDM-EVs group was increased oxidized 
glutathione (p < 0.05 and q < 0.05). Moreover, we observed 
a decrease in the level of 2-oxoglutaric acid, an interme-
diate of the Tricarboxylic Acid (TCA) cycle, in the GDM-
EVs group. To gain insight into the biological functions 
of the identified metabolites, we used the KEGG data-
base and the SMPD metabolic framework to annotate 
the metabolic pathways. Our analysis revealed that four-
teen metabolic pathways were significantly differentially 
enriched (p < 0.05) in the intracellular metabolites of 
the GDM-EVs and Normal-EVs groups. These pathways 
included alanine metabolism, glyoxylate and dicarboxyl-
ate metabolism, glutathione metabolism, lysine degrada-
tion, purine metabolism, primary bile acid biosynthesis, 
phosphonate and phosphinate metabolism, methionine 
metabolism, arginine and proline metabolism, porphy-
rin metabolism, glycine and serine metabolism, thiamine 
metabolism, the mTOR signaling pathway, and gluta-
mate metabolism (Fig.  3C). Subsequently, we annotated 
these fourteen metabolic pathways, and found that dif-
ferential metabolites (glycine, alanine, cysteine, putres-
cine, 2-oxoglutaric acid and oxidized glutathione) were 
most involved in the two metabolic pathways: glutamate 
metabolism and glutathione metabolism (Fig. 3D). Based 
on these findings, we hypothesized that there was an 
increased oxidative stress in the cells. To test this hypoth-
esis, we performed a ROS activity assay and observed 
the accumulation of ROS in cells treated with GDM-EVs 
(Fig. 3E).

To investigate more thoroughly the impact of GDM-
EVs on cell metabolic reprogramming, we conducted 
isotope enrichment analysis by supplying GDM-EVs- and 
Normal-EVs-treated liver cells with 30% 13C-labelled glu-
cose as the carbon source. This analysis allows us to track 
the rate of biochemical conversion from the labelled 
glucose to the metabolites. Our findings revealed a sig-
nificant reduction in 13C-labelling of metabolites in the 
GDM-EVs group (Fig. 4). In particular, TCA cycle inter-
mediates (e.g. citric acid, succinic acid, fumaric acid and 

malic acid) exhibited a lower rate of biochemical con-
version, while 2-oxoglutaric acid also had a tendency to 
lower isotope enrichment (p = 0.07). However, most of 
the relevant metabolites involved in glutamate and glu-
tathione metabolism did not show a significant difference 
between the groups, except for glutamic acid and proline. 
These results suggest that GDM-EVs may attenuate mito-
chondrial respiration by reducing the flux through the 
TCA cycle.

EVs miRNA expression changes in GDM
Although EVs carry diverse cargo, a significant portion 
of their biological effects have been attributed to miR-
NAs. Specifically, EVs miRNAs have exhibited significant 
regulatory roles in glucose metabolism and insulin sen-
sitivity in individuals with diabetes and GDM [33]. To 
investigate the miRNAs associated with GDM-EVs, we 
obtained the GSE114860 miRNA expression dataset of 
circulating GDM EVs from the GEO database. From this 
dataset, we identified over 500 miRNAs and determined 
a set of miRNAs differentially expressed in GDM-EVs 
compared to Normal-EVs. Figure  5A displays a hierar-
chical clustering of the 27 significant differentially EVs 
miRNAs (p < 0.05). Subsequently, we selected 15 differen-
tially expressed miRNAs based on a Volcano plot using 
a threshold of 1.5-fold change in expression and p < 0.05 
to identify significantly regulated miRNAs. Among these, 
four miRNAs were upregulated, while eleven miRNAs 
were downregulated in the GDM group (Fig.  5B). miR-
1299 exhibited the most significant upregulation in 
expression in GDM-EVs compared to Normal-EVs. To 
validate this finding, we performed qPCR and confirmed 
that miR-1299 was expressed approximately two-fold 
more in GDM-EVs than in Normal-EVs in both human 
and mouse samples (Fig. 5C-D).

The significant miRNAs were analyzed using miRNet 
2.0 to construct an miRNA-target gene network. This 
network revealed that these miRNAs were linked to 
5798 genes which were visually analyzed as a topology 
network (Supplementary Figure S3A). Module analysis 
reduced the network complexity while keeping the func-
tions and connections of miR-1299 (Fig. 5E). To further 
explore the molecular mechanism of miR-1299 in GDM, 
21 putative target genes were identified by miRNA tar-
get prediction algorithms and combining the results from 
the TargeScan, miRDB, RNA22, and TarBase databases 

(See figure on previous page.)
Fig. 2 Effect of EVs from GDM plasma on hepatic glucose metabolism and energy metabolism. (A) Glucose production and (B) the mRNA levels of G6PC 
and PCK1 in THLE-2 cells after 24 h incubation with plasma EVs from GDM and normal pregnant women. (C) AKT phosphorylation levels in THLE-2 cells 
after treatment with GDM-EVs or Normal-EVs. (D) Glucose production and (E) the mRNA levels of G6pc and Pck1 in primary mouse hepatocytes after 24 h 
incubation with plasma EVs. (F) AKT phosphorylation levels in primary mouse hepatocytes after treatment with GDM-EVs or Normal-EVs. (G) Normalized 
OCR measurements of cells incubated with GDM-EVs and Normal-EVs. After recording three baseline OCR measurements, oligomycin (Oligo), Carbonyl 
cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP), and Rotenone/Antimycin A (Rot/AA) were sequentially added, and OCR measurements were taken 
thrice after each treatment. After EVs were separately injected into mice via tail vein, OGTT(H) and ITT (I) were assessed in each group at GD 11.5. HOMA-
IR (J), and the hepatic mRNA levels of G6PC and PCK1(K) in each group at GD 18.5. Results are means ± SEM (n = 3–7). *p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 3 (See legend on next page.)
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(Supplementary Figure S3B). Among the 21 putative tar-
get genes, 19 genes were also found in the miRNA-target 
gene network and were listed in the topology network 
of miR-1299 (Fig.  5E). Furthermore, a review of the lit-
erature, indicated that signal transducer and activator of 
transcription 3 (STAT3) plays a role in influencing insu-
lin sensitivity and energy metabolism. FAM3 metabo-
lism regulating signaling molecule A (FAM3A), a major 
downstream effector of STAT3, has also been shown to 
impact energy metabolism [34]. Our western blot analy-
sis showed that incubating liver cells with GDM-EVs led 
to a significant decrease in the abundance of STAT3, 
P-STAT3, and FAM3A (Supplementary Figure S3C).

Elevated miR-1299 levels in GDM-EVs induced insulin 
resistance through the STAT3/FAM3A pathway
To probe more deeply into the mechanisms underly-
ing the induction of insulin resistance by GDM-EVs, we 
determined the effects of miR-1299 and STAT3/FAM3A 
on insulin sensitivity. We observed a significant increase 
in miR-1299 abundance within liver cells after incuba-
tion with GDM-EVs (Fig.  6A). After the administration 
of Colivelin (activator of STAT3), there was a reduc-
tion in the promotion of cellular glucose output and 
gluconeogenic gene by GDM-EVs (Fig.  6B-C). Mean-
while, the abundance of STAT3, P-STAT3, FAM3A, 
and P-AKT were downregulated after treatment with 
GDM-EVs (Fig.  6D-E). The administration of Colivelin 
significantly attenuated the suppressive effect of GDM-
EVs on the expression of STAT3, P-STAT3, FAM3A, and 
P-AKT (Fig. 6D-E). In vivo, we observed a reduction in 
the hepatic expression of STAT3, P-STAT3, and FAM3A 
following the administration of GDM-EVs to mice 
(Fig. 6F-G).

To assess the effect of miR-1299 on insulin resistance, 
THLE-2 cells were transfected with miR-1299-mimics. 
The overexpression of miR-1299 significantly increased 
gluconeogenesis in liver cells (Fig. 7A-B). Concomitantly, 
the expressions of STAT3, P-STAT3, FAM3A, and P-AKT 
were also decreased in liver cells with miR-1299 over-
expression (Fig.  7E). Conversely, when liver cells were 
transfected with miR-1299 inhibitor the opposite trend 
was observed (Fig.  7C-E). Bioinformatics algorithms 
predicted that the 3ʹUTR of STAT3 WT contained com-
plementary base pairing to miR-1299. Subsequently, a 
dual-luciferase reporter assay showed that THLE-2 cells 
co-transfected with STAT3 WT and miR-1299 displayed 

decreased luciferase activity. However, this inhibition 
was blocked by mutation of the STAT3 binding domains 
(Fig. 7F). Overall, these results suggest that elevated miR-
1299 in GDM-EVs targeted STAT3 and inhibited the 
expression of STAT3/FAM3A, which might contribute to 
insulin resistance in GDM.

Discussion
There is increasing evidence that insulin resistance is 
influenced by inter-organ communication, with EVs play-
ing a role in this crosstalk [33]. Circulating EVs comprise 
a heterogeneous population of vesicles released by vari-
ous tissues. EVs not only act as a waste disposal system 
by packaging and secreting unwanted components from 
different organs [35], but their cargos (e.g. miRNAs, oxi-
dized proteins, and metabolites) also contribute to global 
metabolic reprogramming [35, 36]. Recent studies have 
indicated that the number of circulating EVs are elevated 
during pregnancy, and GDM patients have higher levels 
of EVs than women with normal pregnancies [37]. Con-
sidering the liver receives blood from both the portal vein 
and the arterial system, the elevated levels of circulating 
EVs in GDM may directly impact the liver and influence 
insulin sensitivity. Therefore, the aim of this study was to 
investigate how circulating EVs from GDM patients affect 
peripheral insulin resistance and glucose intolerance 
in the liver through the action of miRNA. We showed 
that there was increased glucogenesis, impaired energy 
metabolism, and upregulation of miR-1299 in hepato-
cytes exposed to circulating EVs derived from GDM 
patients. Notably, miR-1299 was found to be the most 
overexpressed miRNA in EVs from GDM blood samples. 
The elevated levels of miR-1299, derived from circulat-
ing EVs in GDM, induced insulin resistance in liver cells 
by repressing STAT3 and its downstream gene, FAM3A, 
through an miR-1299-mediated mechanism. In an in vivo 
mouse study, pregnant non-GDM mice injected with 
GDM-EVs developed systemic insulin resistance and glu-
cose intolerance. Therefore, our investigation of EVs as 
paracrine or endocrine vectors may provide new insight 
on hepatic insulin resistance in GDM patients.

Hepatic uptake of circulating EVs
Circulating EVs were harvested from GDM plasma by 
differential centrifugation. We confirmed these vesicles 
as EVs with a diameter of about 100 nanometers by trans-
mission electron microscopy, Nanoparticle Tracking 

(See figure on previous page.)
Fig. 3 Cellular metabolic profiles after administration of GDM-EVs and Normal-EVs to THLE-2 cells. (A) Partial least square discriminant analysis (PLS-DA) 
of metabolite patterns in THLE-2 cells incubated with plasma EVs from GDM and normal pregnant women. (B) Heatmap of metabolites with differential 
(p < 0.05) levels between the GDM-EVs group and the Normal-EVs group. (C) Activities of metabolic pathways in THLE-2 cells incubated with plasma EVs 
from GDM and normal pregnant women. Black dots represent metabolic activities in the Normal-EVs group that were adjusted to 0. Red dots represent 
metabolic activities in the GDM-EVs group. The metabolic activities were visualized using a log2 scale. The dot size indicates the number of metabolites of 
the pathway, and the dot color indicates the p value. (D) A Circos plot displaying the connectivity between significantly enriched pathways and metabo-
lites. (E) GDM-EVs induced oxidative stress in THLE-2 cells. Results are means ± SEM (n = 5–6). *p < 0.05, **p < 0.01
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Analysis, and measurement of the EVs markers CD63, 
CD81, and TSG101. The present study used two methods 
to demonstrate the direct transfer of circulating EVs into 
target cells. Firstly, liver cells were treated with PKH67 
labeled EVs and the uptake of the fluorescent label into 
cells was directly observed ex vivo. The results of our in 
vivo experiments further supported this finding, as mice 
treated with PKH67-labeled EVs retained the EVs in the 
liver. Importantly, the liver is a crucial site for the devel-
opment of insulin signaling abnormalities that affect glu-
cose and lipid metabolism [38]. Previous studies have 
investigated the biodistribution of EVs and consistently 
reported their accumulation primarily in the liver [39, 
40]. Wilklander et al. found that regardless of dose, time 
duration, route of injection, or tissue source, EVs tend 
to accumulate predominantly in the liver [40]. More-
over, EVs resemble liposomes in terms of size, shape, and 
structure but have more complex bilayers. In line with 
earlier findings on the biodistribution of synthetic lipo-
somes, the accumulation of nanoparticles in the liver may 
be attributed to taken up by patrolling macrophages, for 
example, by Kupffer cells in liver [41]. Nevertheless, sev-
eral nanoparticle studies have revealed that particle size 
affects the distribution and clearance of nanoparticles. 
As an example, small liposomes (≤ 100 nm) are less prone 
to opsonization and penetrate the fenestrations in the 

hepatic sinusoidal endothelium (about 150 nm) [42–44]. 
In line with earlier findings on the biodistribution of syn-
thetic liposomes, our results showed the circulating EVs 
size distribution was 101.8 ± 28.2 nm. Most of EVs could 
penetrate these fenestrations, thus increasing the hepato-
cyte uptake of the total accumulation of EVs. Considering 
the fluorescent labeling of EVs, the physiology of the liver, 
and the structural characteristics of EVs, this information 
supports the notion that hepatocytes can uptake circulat-
ing EVs.

GDM-EVs induce insulin resistance through mitochondrial 
dysfunction and oxidative stress
Impairments in mitochondrial oxidative function, char-
acterized by reduced numbers of mitochondria per cell, 
reduced ATP generation, and increased ROS produc-
tion, could potentially affect insulin sensitivity within 
hepatocytes [45]. In addition, EVs have also been shown 
to inactivate the energetic networks of hepatic cells, 
leading to insulin resistance by increasing mitochon-
drial ROS and reducing AKT phosphorylation [15, 35, 
46]. Our study showed that treatment with circulating 
GDM EVs led to increased glucogenesis, and reduced 
AKT phosphorylation in hepatocytes (Fig.  2). Further-
more, our results demonstrated that GDM-EVs attenu-
ated mitochondrial respiration and energy production, 

Fig. 4 13C-labelled glucose metabolic flux and intracellular TCA cycle metabolism in EV-treated THLE-2 cells. TCA cycle metabolism showed a lower rate 
of biochemical conversion after the administration of GDM-EVs. The histograms show a percentage difference of 13C-labelling metabolites between the 
GDM-EVs and the Normal-EVs groups. M+ is the main molecular ion of an identified metabolite, + 1 is 1 m/z higher than the M+. Results are means ± SEM 
(n = 5). *p < 0.05, **p < 0.01
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Fig. 5 Significant changes in the miRNA profile of circulating EVs in GDM. (A) The differential expression level of miRNAs between GDM-EVs and Normal-
EVs. (B) Volcano plot showing four upregulated (red) and eleven downregulated (blue) miRNAs (log2 fold-change > 1.5). qPCR was used to determine 
the differential expression of miR-1299 in human (C) and murine (D) GDM-EVs compared to Normal-EVs. Results are means ± SEM (n = 3–5). *p < 0.05. (E) 
A miRNA-target gene topology network for miR-1299. The grey nodes represent genes, and the red nodes represent miRNAs. Nineteen putative target 
genes of miR-1299 were highlighted by enlarged blue circles with labelled gene names
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as evidenced by a reduced OCR. These findings are sup-
ported by our metabolome profiling, which revealed a 
lower level of 2-oxoglutaric acid (a TCA cycle intermedi-
ate) and a reduced flux through the TCA cycle induced 
by GDM-EVs (Figs.  3 and 4). Thus, our data provide 

evidence that circulating EVs in GDM may impair mito-
chondrial function. Most of the cellular energy is pro-
duced by mitochondria via the TCA cycle and oxidative 
phosphorylation and is accompanied by the generation of 
ROS. Mitochondrial dysfunction often leads to impaired 

Fig. 6 GDM-EVs induced insulin resistance through STAT3/FAM3A. (A) After 24 h exposure of THLE-2 cells to GDM-EVs or Normal-EVs, the levels of miR-
1299 in cells were measured by qPCR analysis. The effects of Colivelin on recovery of glucose output (B) and gluconeogenic gene (C) in liver cells with 
treatment of GDM-EVs. (D) The effects of Colivelin on recovery of STAT3, FAM3A, P-STAT3, and P-AKT expression levels in cells exposed to GDM-EVs. (E) 
Statistical analysis of western blot results. Representative immunofluorescent staining of STAT3, FAM3A (F), and P-STAT3 (G) localization in the liver from 
mice injected GDM-EVs or Normal-EVs. (bar, 50 μm). Results are means ± SEM (n = 3–6). *p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 7 MiR-1299 impairs insulin sensitivity through STAT3/FAM3A. (A-D) Glucose output and gluconeogenic gene in THLE-2 cells after transfection with 
miR-1299 mimics or inhibitor. (E) Expression of STAT3, FAM3A, P-STAT3, and P-AKT after overexpressing or inhibiting of miR-1299. (F) MiR-1299 directly 
targets STAT3. The binding site of the miRNA on its target was predicted by TargetScan. Results are means ± SEM (n = 3–6). *p < 0.05, **p < 0.01, ***p < 0.001. 
WT = wild type, MUT = mutation
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oxidative capacity and excessive ROS production. Indeed, 
oxidative stress is a well-recognized risk factor for insu-
lin resistance and may increase the demand for glutathi-
one synthesis. Glutathione exists in reduced (GSH) and 
oxidized (GSSG) forms, which are necessary for main-
taining the redox balance of the cell. The de novo synthe-
sis of GSH in the cell is limited by the availability of its 
constituent amino acids, and in particular by the avail-
ability of the sulfur amino acid precursor, cysteine [47]. 
Our hepatic metabolome results revealed higher levels of 
GSSG, lower levels of cysteine, and increased activity of 
glutathione-related metabolic pathways in the GDM-EVs 
group (Fig. 3). Meanwhile, excessive ROS accumulated in 
the liver cells after being treated with GDM-EVs, poten-
tially indicating the pro-oxidant risk of GDM-EVs. Thus, 
GDM-EVs may elicit hepatic insulin resistance by trigger-
ing mitochondrial malfunction and oxidative stress, ini-
tiating a vicious cycle of imbalanced antioxidant status, 
ROS generation, and further damage to mitochondria.

GDM-EVs contain a high level of miR-1299
Although the EVs’ cargo consists of proteins, lipids, miR-
NAs, and other RNA species, many of the biological 
effects of EVs are often attributed to miRNAs [33]. For 
instance, miRNAs have exhibited critical roles in regu-
lating glucose metabolism and insulin action in diabetes 
and GDM [48, 49]. In this study, we analyzed a sequenc-
ing dataset of circulating GDM EVs and identified 15 dif-
ferentially expressed miRNAs. Among these, miR-1299 
stood out as the most significantly increased miRNA in 
circulating GDM EVs relative to normal circulating EVs. 
Interestingly, elevated levels of miR-1299 have also been 
previously found in the blood of patients with type 2 dia-
betes mellitus and prediabetes [50–52]. Furthermore, 
miRNAs in EVs seem to mirror the metabolic status of 
the cells they originate from and can be protected from 
external ribonucleases [20]. Thus, we assumed that miR-
NAs, carried by circulating GDM EVs, taken up and 
released into liver cells might induce hepatic insulin resis-
tance. It is worth noting that the upregulation of miR-
1299 expression in blood EVs has only been reported in 
patients with polycystic ovary syndrome (PCOS), which 
is characterized by insulin resistance [53]. Additionally, 
a modest number of studies have shown that other miR-
NAs derived from circulating GDM EVs regulate glucose 
homeostasis and insulin sensitivity [21, 23]. Despite pre-
vious attempts to study miRNAs other than miR-1299 in 
circulating GDM EVs, the effect of circulating EVs-asso-
ciated miRNAs on hepatic insulin resistance in GDM and 
the underlying mechanisms remain largely unknown.

miR-1299/STAT3/FAM3A axis may be involved in the 
mechanism of hepatic insulin resistance induction in GDM
To gain a better understanding of the metabolic effects 
associated with miR-1299, we performed a bioinformatic 
analysis to predict the target genes of miR-1299 using 
miRNA target prediction databases. This analysis showed 
that miR-1299 could bind to the 3ʹUTR of signal trans-
ducer and activator of transcription 3 (STAT3). STAT3 
is a transcription factor expressed in hepatic tissue and 
plays a crucial role in regulating insulin sensitivity [54, 
55]. STAT3 also regulates cell metabolism by promoting 
mitochondrial oxidative phosphorylation [56–58]. Fur-
thermore, recent studies have identified FAM3A a direct 
downstream target of STAT3 and a vital regulator of glu-
cose metabolism in the liver [34, 59]. It has been reported 
that FAM3A expression was reduced in the livers of 
obese diabetic mice, and the suppression of the FAM3A/
ATP/AKT pathway caused insulin resistance, hyperglyce-
mia, and fatty liver [60]. To investigate the involvement of 
the miR-1299/STAT3/FAM3A axis in insulin resistance 
mediated by circulating GDM EVs, we conducted fur-
ther experiments. Our results demonstrated that GDM-
EVs significantly reduced the expression of STAT3 and 
FAM3A in liver cells (Fig. 6). Moreover, the administra-
tion of a STAT3 activator significantly improved gluco-
genesis and the expressions of STAT3/FAM3A proteins, 
which were downregulated by circulating GDM EVs 
(Fig. 6). Luciferase reporter plasmids containing predic-
tive STAT3 target gene sequences showed that STAT3 
was indeed a direct target of miR-1299 (Fig.  7). Mean-
while, miR-1299 overexpression increased glucogenesis 
and downregulated STAT3, FAM3A, and P-AKT expres-
sion. Consistent with these results, GDM-EVs altered 
hepatic insulin signaling and the expression of STAT3 
and FAM3A in vivo (Figs.  2 and 6). Previous studies 
have reported that EVs-trafficked miRNA downregulate 
STAT3 and impair insulin signaling in type 2 diabetes 
[61]. Nair et al. also highlighted that the STAT3 path-
way was the most prominent biological process targeted 
by GDM-EVs-associated miRNAs [22]. Furthermore, 
hepatic STAT3 signaling was essential to maintain normal 
glucose homeostasis [62]. As a major STAT3 downstream 
effector, FAM3A is mainly present in mitochondria and 
can restore the reduction of mitochondrial respiration 
caused by STAT3 deficiency [34]. Evidence is mounting 
that mitochondrial dysfunction may be intimately linked 
to the development of hepatic insulin resistance [63]. In 
this way, circulating GDM EVs may contribute to hepatic 
insulin resistance through mitochondrial dysfunction via 
miR-1299/STAT3/FAM3A axis.

Limitations
One limitation of the current study is the unidentified 
source of the EVs in plasma. As EVs are released from 
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various cells, those in blood circulation are often het-
erogeneous vesicles of unknown origin. Therefore, the 
standard isolation process does not differentiate vesicles 
based on their origin, presenting a challenge in determin-
ing the specific role and occurrence of miR-1299-con-
taining EVs. In future studies, this issue will need to be 
investigated in more depth, to elucidate the cellular ori-
gins and the complex mechanisms that regulate the for-
mation and behavior of these EVs. Another limitation 
of this study is that miR-1299 is unlikely to be the sole 
factor responsible for the differences in insulin sensitiv-
ity induced by EVs. It would be reasonable to assume that 
GDM EVs contain other miRNAs with important func-
tions. The coordinated action of multiple miRNAs within 
EVs may also contribute to insulin-resistant phenotypes, 
and further research will be needed to demonstrate the 
full set of EV miRNAs that cause metabolic effects. While 
miR-1299 and its interaction with the STAT3/FAM3A 

axis are important, they are likely part of a larger system. 
Other regulatory molecules and signaling pathways could 
also play significant roles in modulating hepatic glucose 
metabolism. Further research is needed to elucidate the 
molecular interactions that contribute to this complex 
physiological process. In addition, the phenomenon and 
regulatory mechanisms involving miRNA and its target 
molecules may exhibit tissue-specific variations. There-
fore, additional studies across muscle and other tissues 
are warranted to fully understand the universality and 
tissue-specificity of miRNA regulation.

Conclusion
In summary, our results demonstrate that circulating 
EVs influence hepatic insulin sensitivity through miRNA. 
Treatment with circulating GDM EVs leads to in vivo 
and in vitro insulin resistance. In particular, elevated 
miR-1299 levels in circulating GDM EVs altered STAT3/

Fig. 8 Schematic representation of the mechanisms of GDM EVs-derived miR-1299 induction of hepatic insulin resistance. In women with GDM, the 
levels of circulating EVs were elevated and miR-1299 was highly expressed in these EVs. Circulating GDM EVs were absorbed by hepatocytes, leading to 
an increase in the level of miR-1299 within these cells. Then, miR-1299 binding to the 3ʹUTR of STAT3 mRNA resulted in STAT3 translational arrest which 
consequently reduced the expression of FAM3A. The decreased levels of STAT3 and FAM3A can potentially affect mitochondrial function by slowing down 
TCA cycle flux and mitochondrial respiration, while increasing oxidative stress. Therefore, elevated miR-1299 in circulating GDM EVs is proposed to induce 
hepatic insulin resistance through impaired mitochondrial function via inhibiting the STAT3/FAM3A axis
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FAM3A signaling and induced hepatic insulin resistance 
through mitochondrial malfunction and oxidative stress 
(Fig. 8). Thus, we provide new evidence that EVs regulate 
glucose metabolism and may provide novel therapeutic 
options for GDM.
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